In this study, the prevalence of plasmid-mediated quinolone resistance (PMQR) was investigated in 495 Escherichia coli isolates from diseased food-producing animals in Guangdong province, China. The quinolone resistance-determining regions (QRDRs) of the gyrA and parC genes were analysed for mutations in 55 isolates harbouring only oqxAB and all isolates harbouring other PMQR genes. Overall, 282 (57.0 %) E. coli isolates had at least one PMQR gene. oqxAB was detected in 215 isolates and predominated the PMQR genes, followed by qnrS (63 isolates), aac(69)-Ib-cr (56 isolates), qnrB (39 isolates) and qepA (18 isolates). qnrA, qnrC and qnrD were not found in any of the isolates. The rates of resistance to ciprofloxacin, enrofloxacin, levofloxacin and nalidixic acid were 75.2, 81.0, 70.5 and 97.4 %, respectively, among the 495 isolates. Eight types of mutation in gyrA were detected in 154 PMQR-positive isolates, and 147 isolates were found to have mutations in parC. PFGE analysis indicated that the PMQR-positive E. coli isolates were genetically diverse. This study demonstrated that the number of mutations in QRDRs of gyrA and/or parC was significantly associated with the MICs of quinolones (P,0.01). The rates of resistance to ciprofloxacin, enrofloxacin and nalidixic acid in PMQR-positive isolates were significantly higher than those in PMQR-negative isolates (P,0.05). In addition, the prevalence of oqxAB had significant Spearman correlation coefficients in relation to the MICs of all four tested quinolones (P,0.01).
INTRODUCTION
Escherichia coli is a common pathogen and certain strains can cause intestinal or extra-intestinal infections in humans and animals. Fluoroquinolones have been used effectively against most bacterial infections because of their broadspectrum antimicrobial activity (Hopkins et al., 2005) . However, increasing use of these agents has led to rising rates of resistance to fluoroquinolones in E. coli worldwide (Threlfall et al., 1997) . In enterobacteria, the major mechanisms of resistance to quinolones involve mutations of chromosomal genes encoding DNA gyrase and/or topoisomerase IV, mutations of genes regulating the expression of efflux pumps (Hooper, 1999) and a decrease in the permeability of the bacterial cell wall (Nikaido, 2003) , all of which are chromosomally mediated. In addition, a number of plasmid-mediated quinolone resistance (PMQR) mechanisms have been described: the pentapeptide repeat family Qnr proteins (QnrA, QnrB, QnrS, QnrC and QnrD; Martínez-Martínez et al., 1998; Hata et al., 2005; Jacoby et al., 2006; Cavaco et al., 2009; Wang et al., 2009) , AAC(69)-Ib-cr, an aminoglycoside acetyltransferase that confers reduced susceptibility to ciprofloxacin by modifying ciprofloxacin (Robicsek et al., 2006b) , and QepA, an efflux pump belonging to the major facilitator subfamily (Yamane et al., 2007) . Recently, OqxAB, a multidrug efflux pump that confers resistance to multiple agents, has also been reported to reduce susceptibility to ciprofloxacin and nalidixic acid (Hansen et al., 2007) . The PMQR genes confer only lowlevel resistance to quinolones; however, they can be spread horizontally among enterobacteria and facilitate the selection of resistant mutants following exposure to ciprofloxacin (Robicsek et al., 2006a) . IP: 54.70.40.11 16:25:12 et al., 2008 Pitout et al., 2008; Kim et al., 2009; Ma et al., 2009) . However, most of these studies have focused on isolates with specific resistance phenotypes, such as resistance to cephalosporins, or have investigated a limited number of isolates. Furthermore, oqxAB was not recognized as a PMQR determinant in these reports, and the data on the prevalence and epidemiology of oqxAB are limited. To our knowledge, reports about the prevalence of the PMQR determinants (including oqxAB) and the target mutations in E. coli isolated from diseased food-producing animals are few (Lee et al., 2005; Avsaroglu et al., 2007; Cavaco et al., 2008; Yue et al., 2008) .
Fluoroquinolones have been used widely in veterinary medicine in China: ciprofloxacin has often been used for prophylaxis and the treatment of bacterial infections in pigs and poultry, whilst enrofloxacin has been used widely in pigs and poultry for therapeutic purposes. Fluoroquinoloneresistant E. coli isolates from humans and animals have been reported to be common in China, which might partly be attributable to the overuse of this class of antibiotic in foodproducing animals (Yang et al., 2004; Xiao et al., 2008) . Studies on the prevalence of PMQR determinants in human and animal E. coli and Salmonella isolates have also been reported in China and a high prevalence of PMQR determinants was found, but oqxAB was not analysed in these studies (Huang et al., 2009; Hao et al., 2011; Zhou et al., 2011) . Because antibiotic-resistant bacteria from foodproducing animals can be transferred to humans through the food chain or other routes (Jakobsen et al., 2010; Zhao et al., 2010a; Agersø et al., 2012) , monitoring of antimicrobial resistance in bacteria from food-producing animals is important to ensure food safety and public health.
The aims of this study were to investigate the prevalence of PMQR genes in E. coli from diseased animals in Guangdong province in PR China, to evaluate the occurrence of target mutations among the PMQR-positive isolates and to study the association of target mutations or the presence of PMQR determinants with the quinolone-resistance phenotypes.
METHODS
Bacterial isolates. A total of 495 non-duplicate E. coli isolates (181 avian including 83 from ducks and 98 from chickens, and 314 from pigs) were isolated from diseased food-producing animals that were submitted to the Veterinary Research Institute, Guangdong Academy of Agricultural Sciences, PR China, for diagnosis between March 2002 and May 2010 ( Table 1 ). The animals were from 58 farms all over Guangdong province. Although detailed information on antibiotic usage was not available, ciprofloxacin was often used for prophylaxis and treatment of bacterial infections on these farms. Cotton swabs of the liver and heart tissues or faeces from these animals were streaked onto MacConkey agar. After 16 h incubation at 37 uC, one colony with typical E. coli morphology was selected and purified on MacConkey agar. One colony was selected from each sample and all E. coli isolates were identified by classical biochemical methods and confirmed using the API 20E system (bioMérieux). All identified isolates were stored at 280 uC in Luria-Bertani broth containing 30 % glycerol.
Antimicrobial susceptibility testing. Susceptibilities to ciprofloxacin (88.5 % purity; Amresco), enrofloxacin (98 % purity; Sigma-Aldrich), levofloxacin (98 % purity; Sigma-Aldrich) and nalidixic acid (98 % purity; Sigma-Aldrich) of the 495 strains were assayed by the agar dilution method according to the guidelines provided by the Clinical and Laboratory Standards Institute (CLSI, 2008) . Susceptibility and resistance breakpoints (mg l 21 ) were as defined by CLSI (2008) . E. coli ATCC 25922 was used as a quality-control strain in the susceptibility tests.
Detection of PMQR determinants. Screening for the qnrA, qnrB, qnrS, qnrC, qnrD, qepA, aac(69)-Ib-cr, oqxA and oqxB genes was carried out by PCR amplification using specific primers (Table 2 ). E. coli J53Azir containing the plasmid pMG254 (kindly provided by Minggui Wang, Institute of Antibiotics, Huashan Hospital, Fudan University, PR China) was used as a qnrA-positive control, and strains containing qnrB, qnrS, aac(69)-Ib-cr, qepA, qnrD, oqxA and oqxB, as reported in our previous studies (Yue et al., 2008; Zhao et al., 2010a; Deng et al., 2011) , were also used as positive controls for the target genes in the PCR screening experiments. All DNA sequences obtained after direct sequencing of the PCR products were confirmed by DNA sequence analysis using the BLASTN algorithm available through the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). Detection of mutations in QRDRs of gyrA and parC. PCR amplifications in QRDRs of the gyrA and parC genes among PMQRpositive isolates [qnrA, qnrB, qnrS, qnrC, qnrD, qepA and aac(69)-Ibcr] were carried out using the primers shown in Table 2 , and all PCR products were sequenced directly. Among the 140 isolates that harboured oqxAB only, 55 were selected randomly for analysis of mutations in the QRDRs of the gyrA and parC genes. The obtained sequences were analysed with the Lasergene software (DNASTAR) and the predicted amino acid sequences of GyrA and ParC were analysed for amino acid changes by comparison with wild-type GyrA (GenBank accession no. NP_416734) and ParC (GenBank accession no. NP_417491) of E. coli K-12 (GenBank accession no. NC_000913).
PFGE.
To determine the genetic backgrounds of the E. coli isolates, chromosomal DNAs of 315 E. coli isolates randomly selected from the pool (167 from pigs and 148 from poultry) were digested with XbaI and subjected to PFGE analysis using the CHEF-MAPPER System (Bio-Rad Laboratories) as described by Gautom (1997) . The gels were run at 6.0 V cm 21 with an initial/final switch time of 0.5 s/60 s and an angle of 120u at 14 uC for 22 h. The DNA banding patterns were analysed using BioNumerics software version 2.5 (Applied Maths), and a cut-off value of 90 % of the similarity values was chosen to indicate identical PFGE types. Salmonella enterica serotype Braenderup H9812 standards served as size markers.
Statistical analysis. Differences in proportions were compared using a x 2 test and temporal trends were examined with the Mantel-Haenszel x 2 test. The relationship between antibiotic resistance and the number of mutations was assessed by calculating Spearman's correlation coefficient and the corresponding P value. All tests of significance were two-tailed, and a value of P,0.05 was considered statistically significant. Statistical analysis was performed using SPSS software version 17.0.
RESULTS

Prevalence of PMQR genes
Two hundred and eighty-two (57.0 %) of the 495 examined isolates were found to have at least one PMQR gene by PCR and sequencing of the PCR products. Among the PMQR-positive isolates, 39 (7.9 % of the total) carried qnrB. The number of isolates harbouring qepA and qnrS was 18 (3.6 %) and 63 (12.7 %), respectively, but no isolate was found to be positive for qnrA, qnrC or qnrD. One hundred and thirty-two isolates (26.7 % of the total) were positive for aac(69)-Ib, of which 56 carried the cr variant. Five isolates were detected to co-harbour qnrS and qnrB. qnrS and qnrB were found to be linked with aac(69)-Ib-cr in nine and eight of the isolates, respectively. One avian isolate was found to co-harbour qnrS, qnrB and aac(69)-Ib-cr. There were 277 and 215 isolates harbouring oqxA and oqxB, respectively. All isolates that carried oqxB also harboured the oqxA gene. Thus, the number of isolates harbouring oqxAB was 215, among which 140 isolates harboured only oqxAB and no other PMQR determinants. Overall, oqxAB and qnrS were the most prevalent PMQR genes, followed by aac(69)-Ib-cr. As shown in Table 1 , PMQR genes tended to be detected more frequently overall after 2004 than in the previous period studied (P50.115). Statistical analysis indicated that the prevalence of PMQR genes showed no significant change over time in the period studied (P50.13), and there was also no significant increase in rates of ciprofloxacin resistance over time (P50.004) (Fig. 1) . The prevalence of the PMQR determinants among the isolates of different origins is shown in Fig. 2 . As shown in Fig. 2 , the detection of qnrS in isolates from pigs (49/314) was significantly higher than that in isolates of avian origin (14/181) (P50.011), whilst no significant difference was detected in the positive rates of other PMQR genes.
Gyrase and topoisomerase IV mutations in PMQR-positive strains
Mutations in the QRDRs of gyrA and parC were analysed in 55 isolates selected randomly from those harbouring oqxAB only and from all 142 strains carrying other PMQR genes [qnrB, qnrS, qepA and aac(69)-Ib-cr]. The combination relationship between mutations in gyrA and mutations in parC is shown in Table 3 . Alterations in the gyrA gene were detected in 154 (78.2 %) of the 197 PMQR-positive strains tested. There were eight types of mutation observed in the QRDR of gyrA: 105 (68.2 % of the 154 gyrA mutated 
Association between MICs and mutations in the QRDR of gyrA and parC
In order to analyse relationships between the MICs of the four quinolone antibiotics and the number of mutations in each or both genes, Spearman's correlation coefficient was used to establish the direction of any relationship found in this study.
The MICs of ciprofloxacin, enrofloxacin and levofloxacin and the mutations in the gyrA and parC genes (Table 3) and the results of the statistical analysis (Table 5) showed that the correlation coefficients of the number of mutations in gyrA or parC or the total number of mutations in relation to the MICs of the four quinolones tested were all significantly different.
PFGE subtypes
Of the 315 randomly selected E. coli isolates, chromosomal DNAs of 303 isolates (160 from pigs and 143 from poultry) were available for PFGE typing, and a total of 277 different PFGE profiles were obtained according to the standard of Tenover et al. (1995) , suggesting that dissemination of the PMQR-positive E. coli was unlikely to be the spread of a specific E. coli clone. However, E. coli isolates with an identical PFGE pattern were recovered from different The number above each bar indicates the positive rate (%) of the given PMQR gene. The difference in prevalence between pig and avian isolates was statistically significantly only for qnrS (P50.011). Quinolone resistance of E. coli from animals in China animals from the same farm or from different farms, suggesting a low-level clonal dissemination of these strains among different animals.
DISCUSSION
The widespread dissemination of PMQR determinants may lead to the rapid development of fluoroquinolone resistance because they can confer low-level resistance to antibiotics and promote the selection of high-level resistant strains with mutations on the chromosome (including gyrA and parC; Robicsek et al., 2006a) . Some surveys on the prevalence of PMQR determinants and the detection of mutations in the QRDRs among isolates of food-producing origin have been reported (Yue et al., 2008; Wang et al., 2010) . However, oqxAB, a new PMQR determinant, was not analysed in these previous studies. In the present study, a high prevalence (57.0 %) of PMQR determinants [qnr genes, aac(69)-Ib-cr, qepA and oqxAB] was found in the 495 E. coli isolates from diseased food-producing animals in Guangdong, PR China, between 2002 and 2010. Among the 495 E. coli isolates, oqxAB was the most prevalent PMQR gene (43.4 %), similarly to the result of a previous report (Zhao et al., 2010a) . The prevalence of oqxAB had significant Spearman's correlation coefficients in relation to the MICs of all four tested quinolones (P,0.01), consistent with a previous result showing that the rate of resistance to ciprofloxacin was higher in oqxAB-positive isolates than in oqxAB-negative isolates (Zhao et al., 2010a) , indicating that oqxAB can confer reduced susceptibility towards quinolones. In our study, the aac(69)-Ib-cr gene (11.3 %) was also a prevalent PMQR gene, consistent with a report from China (Xia et al., 2010) in which oqxAB was not analysed. This result supports previous findings that the prevalence of aac(69)-Ib-cr is higher than that of qnr, especially in strains producing CTX-M-15 (Warburg et al., 2009) . Previous studies found that aac(69)-Ib-cr was often detected to be linked with qnr genes , and 16 isolates were found to harbour aac(69)-Ib-cr and qnrS (nine isolates) or qnrB (eight isolates), simultaneously, in this study. Among the qnr genes, the qnrS-type gene was predominantly present in this study, which was comparable with previous results reported from China (Yue et al., 2008; Xia et al., 2010) .
The rate of resistance to ciprofloxacin in PMQR-positive isolates was significantly higher than that in PMQRnegative isolates in this study (P,0.05), and a similar result was also obtained in a previous report about E. coli and Klebsiella pneumoniae of human origin in Korea (Kim et al., 2009 ). The prevalence of PMQR genes was high and stable in the study period, and, furthermore, there was also a high prevalence of ciprofloxacin resistance over the same time.
Our data indicated that the high prevalence of PMQR determinants might have been a driving force for the selection of high-level quinolone resistance, which provided additional epidemiological support for the hypothesis that PMQR determinants can confer low-level resistance to quinolones and promote the selection of high-level resistance strains with mutations on the chromosome (Robicsek et al., 2006a) . The ciprofloxacin resistance rate (75.2 %) among the 495 isolates in this study was much higher than that in E. coli from pork in a previous report (16 %; Sun et al., 2011) . The mutation frequency (83.2 %) among the 197 PMQR-positive strains in this study was higher than that found in 14 qnr-positive E. coli isolates recovered from pigs and poultry in PR China (35.7 ; Yue et al., 2008) and in 39 qnr-positive Enterobacter cloacae strains isolated from Huashan Hospital in Shanghai, PR China (38.4 %; Zhao et al., 2010b) . However, the oqxAB gene was not detected in these previous studies. Similar to our results, a high mutation frequency (100 %) was reported among 39 nalidixic acid-resistant E. coli isolates collected from diseased piglets and chickens in PR China (Yang et al., 2004) , and a high frequency of 89 % in 28 qnrA-positive clinical strains of Enterobacter cloacae and other enterobacterial species from teaching hospitals was also reported in France (Lascols et al., 2007) . The differences among these studies might be explained by the different criteria used for isolate selection, such as resistance to nalidixic acid, or by the different PMQR determinants detected. Mutations at codons 83 and 87 in GyrA and at codon 80 in ParC in the QRDR were the most frequent among the isolates with mutations (113/164; Table 3) , and S83L and D87N in GyrA and S80I in ParC were the most common type of amino acid substitution. A similar result was also reported previously (Yang et al., 2004 (Yang et al., , 2010 Uchida et al., 2010) . Among the 154 isolates with mutations in gyrA, 137 (89.0 %) also had mutations in parC, which supports the suggestion that a mutation in parC is the second step leading to high-level fluoroquinolone resistance in E. coli (Heisig, 1996) . Mutations in parC or parE alone affect the MIC of ciprofloxacin slightly (Wang et al., 2010) ; however, in our study, ten isolates with the S80I substitution in ParC occurring alone were found to have high MICs (ranging from 0.125 to 128 mg l 21 ) of ciprofloxacin, which has not been reported previously. As the PMQR determinants only confer low-level resistance to quinolones, the reason why these ten isolates have high-level resistance to ciprofloxacin might be the existence of other mechanisms not studied in this research, such as efflux pumps or outer-membrane proteins (Ruiz, 2003; Xu et al., 2007) . To evaluate the contribution of mutations in parC to ciprofloxacin resistance, further studies should be carried out. There was also one isolate with an I89F mutation in GyrA only, first reported in this study, and the MIC of ciprofloxacin for this isolate was 4 mg l 21 . The I89F mutation might be a novel type of substitution in the GyrA region; however, its role needs to be studied further. The number of mutations in gyrA and/or parC correlated significantly with the quinolone MICs. A similar result was also reported previously in the USA (Lascols et al., 2007) and in PR China (Yue et al., 2008) .
In summary, we have reported a high prevalence (57.0 %) of multiple PMQR determinants including oqxAB in E. coli and a high mutation frequency (83.2 %) in gyrA or parC among PMQR-positive E. coli strains derived from diseased swine and poultry in PR China between 2002 and 2010. The high prevalence of PMQR determinants in E. coli may be attributable to horizontal spread of these resistance determinants among different isolates or species rather than to clonal dissemination. Overuse of various antimicrobials in food production may have served as a major selection pressure for horizontal transfer of these resistance elements, and these PMQR determinants can facilitate the selection of resistant mutants. Further investigations are needed to determine the role of PMQR-containing plasmids in the adaptation of various bacteria to food-production environments, and further surveillance programmes are necessary to monitor fluoroquinolone resistance of clinical E. coli. 
